Highly intense, sub-picosecond terahertz (THz) pulses can be used to induce ultrafast temperature jumps (T-jumps) in liquid water. A supercritical state of gas-like water with liquid density is established, and the accompanying structural changes are expected to give rise to time-dependent chemical shifts. We investigate the possibility of using extreme ultraviolet (XUV) photoelectron spectroscopy as a probe for ultrafast dynamics induced by sub-picosecond THz pulses of varying intensities and frequencies. To this end, we use ab initio methods to calculate photoionization cross sections and photoelectron energies of (H 2 O) 20 clusters embedded in an aqueous environment represented by point charges. The cluster geometries are sampled from ab initio molecular dynamics simulations modeling the THz-water interactions.
I. INTRODUCTION
Water is the main solvent on earth and the primary component of living organisms. The ultrafast processes that unfold in water on a femto-to picosecond time scale are thus of direct relevance to many biological and chemical processes, e.g., radiation damage and reaction kinetics 1, 2 . To investigate these ultrafast chemical reactions, one requires means to trigger them in a controlled and abrupt way. It is therefore desirable to immediately transfer energy into specific degrees of freedom that initiate the sought-after ultrafast processes. To this end, short pulses that directly target vibrational modes can be used. In the infrared (IR) range intramolecular modes are excited, while in the terahertz (THz) range the intermolecular librations (hindered rotations) and vibrations are pumped. Large amounts of energy can be transferred from ultrashort, high-intensity THz pulses to water through the efficient coupling of THz radiation to water molecules due to the large dipole moment of water. This results in an ultrafast increase in temperature known as a temperature jump (T-jump).
T-jump experiments were originally introduced to measure rates of chemical reactions in solutions on the timescale of microseconds . Similar techniques were used to resolve ultrafast changes in the hydrogen bond network 6 . Exciting intermolecular modes in the THz range is of special interest, as they are tied directly to the hydrogen bond network that is assumed to play a role in the numerous water anomalies 7 , as well as the solvation dynamics 8 . These processes can be investigated by 2D RamanTHz spectroscopy [9] [10] [11] . However, these types of experiments are very hard to interpret 10 , and thus more direct approaches to investigate the structural dynamics and the role of the hydrogen-bond network in solvation dynamics of THz-pumped water are desirable.
THz-induced T-jumps can also be used to vibrationally excite other inorganic or organic molecules of interest that are solvated in liquid water 12 . Here, the THz pulse does not directly couple to vibrational modes of the solvated molecule, but energy is redistributed through the excitation of solvent modes. This allows to trigger ultrafast molecular dynamics in these molecules that are not accessible by current techniques in ultrafast, time-resolved experiments that typically trigger reactions by direct, electronic excitation with an ultrashort pulse. This opens new possibilities to explore in the field of ultrafast chemistry.
High-intensity THz pulses of a duration of less than a picosecond have recently been realized experimentally in both lab-based sources 13, 14 and as part of free-electron laser (FEL) beamlines 15, 16 . At FELs like, e.g., FLASH, split THz-XUV beamlines are available 17, 18 . At FLASH, THz pulses are created by the same electron bunch as the XUV beam, producing aligned and synchronized pulses. This setup is ideally suited for pump-probe experiments, where a THz pulse triggers dynamics in liquid water that are then probed by XUV spectroscopy. The short probe pulse duration of 50 to 100 fs enables the time-resolution of ultrafast processes. An even better time resolution is conceivable considering lab-based probe-pulse sources 19, 20 .
Theoretical descriptions of the sub-picosecond, THz-induced T-jump in liquid water have been given employing both classical force fields [21] [22] [23] [24] and ab initio molecular dynamics (AIMD) 21, 25 . The maximum energy transfer is reached with pump pulse frequencies between 14 and 17 THz, where rotations of water molecules are excited 21, 24 . Ultrafast T-jumps of more than 1000 K within tens of femtoseconds are predicted within currently accessible THz intensity levels
21
. The instantaneous temperature can be calculated directly from the molecular dynamics (MD) trajectories of THz-pumped water and was shown to be independent of the simulation box size 24 . It can be connected to structural changes of the pumped water.
Observing these structural changes in experiments with time resolution of less than 100 fs can be used to evaluate the efficiency of the THz-induced T-jump.
Measuring ultrafast T-jumps experimentally is challenging. Generally, in ultrafast pumpprobe experiments, structural changes may be probed employing two different strategies.
First, by x-ray diffraction techniques the rearrangement of nuclear geometries can be directly investigated. The structure factor, related by Fourier transform to the radial distribution function (RDF), is an indicator for the order maintained in a liquid. Especially in water, vanishing peaks in the RDF have been used as indicators of the rupture of hydrogen bonds in supercritical conditions 26, 27 . Second, changes in the molecular geometries have impact on the electronic structure [28] [29] [30] . The supercritical state of water that can be created by subpicosecond THz pump pulses, where the T-jump occurs isochorically, will be accompanied by changes in the valence electron levels that are susceptible to changes in the hydrogen bond network [31] [32] [33] [34] [35] . In the context of IR-induced T-jumps in water, x-ray absorption has been used as a probe
5
. With photon energies close to the oxygen K-edge, low-lying unoc-cupied molecular orbitals are investigated. The complementary tool to study shifts in the occupied outer and inner valence molecular orbitals is x-ray emission spectroscopy 36 or XUV photoelectron spectroscopy 37 .
In this manuscript, we will explore the potential of photoelectron spectroscopy as a probe for the structural changes induced by an ultrafast T-jump in liquid water following the excitation by high-intensity, sub-picosecond THz pulses of various peak intensities and frequencies. In Sec. II, we analyze the structural changes that are induced by sub-picosecond, high-intensity THz pulses based on AIMD trajectories 21 . We then describe the theoretical framework for the calculation of photoionization cross sections from liquid water in Sec. III.
The simulated photoelectron spectrum of liquid water is discussed in Sec. IV A and characteristic changes in the photoelectron spectrum following a high-intensity THz pump pulse are investigated in Sec. IV B. Finally, in Sec. V we summarize our results and open up connections to possible experiments.
II. STRUCTURAL CHANGES INDUCED BY THZ-PUMPING

A. Ab initio Molecular Dynamics Trajectories
The analysis in this work is based on ab initio molecular dynamics (AIMD) trajectories of THz-pumped water that were the subject of previous work . A total number of 128 water molecules was used with periodic boundary conditions for a cubic box of 16Å edge length. Mishra et al. sampled ten initial conditions with a time separation of 300 fs. Since the the PBE functional underestimates diffusion constants and prolongates equilibration times
39
, this resulted in a slightly favored orientation of the water molecules in the initial trajectory snapshots with cos ϑ = 0.08 . . . 0.13, where ϑ is the angle between a molecular dipole and the THz field axis. The variance of these angles was cos 2 ϑ ≈ 1/3 across all initial conditions, which corresponds to the value expected with uniform sampling. The partially incomplete equilibration may cause some short-time non-equilibrium dynamics. As the sub-picosecond, high-intensity THz pulse quickly drives the system far out of equilibrium, this will not affect the main conclusions drawn in this work.
For each pulse intensity and frequency given in Table I , these initial snapshots were propagated for 500 fs including a THz pulse, and for an additional 1 ps without any external field. The THz pump pulse was implemented by
where the Gaussian pulse envelope was The large amount of energy deposited through the pump pulse led to problems with energy conservation in some of the AIMD trajectories. Therefore, for the high intensity considered, these trajectories had to be excluded from the analysis, reducing the available number of trajectories as summarized in Table I . The trajectories were generated under isochoric conditions, as the bulk water does not expand considerably during the first 1.2 ps following the THz pump pulse
23
. Therefore, all structural changes that can be extracted from the trajectories are related to the excitation of intra-and intermolecular modes. 
B. Transformation to Super-Critical State by THz pump
From the AIMD trajectories, the radial distribution function (RDF) of heated water after the pulse (t = 250 fs, where t = 0 fs refers to the maximum of the pump pulse envelope) is calculated for different pump pulse frequencies, see Fig. 1 .
the change in structure is dependent on the pump pulse frequency: at the frequencies that were shown to be most efficient at transferring energy to the water molecules, i.e., 16 and 19
, the RDF is evened out more than at 7 and 30 THz, which indicates more structural changes are induced. At I = 5 ×10 12 W/cm .
We evaluate additional quantities at t = 250 fs directly from the AIMD trajectories, see Table II . The fraction of hydrogen bonds remaining after the pulse is given. A hydrogen bond is here defined geometrically Table II) , we note that, though the T-jump at the higher intensity and 19 THz is about twice the T-jump at 7 and 30 THz, the structural changes are comparable.
We conclude that there is a saturation regime of structural changes with respect to the energy transferred by the THz pump pulse, and that it has been reached with the higher intensity.
Overall, the THz pump pulse deposits a large amount of energy in the water, giving rise to a larger variability in structural arrangements of the water molecules. Comparing the unpumped and pumped water, the widths of distributions for different intra-and intermolecular distances and angles are increased. This is shown in Fig. 2 for the distance between neighboring oxygen atoms, the covalent bond length, and the intramolecular bending angle at lower intensity, I = 1 × 10 12 W/cm 2 , panel (a)-(c), as well as at higher intensity,
Moreover, small shifts in the means of these distributions can be observed. Both the broadening and the shifts increase with intensity. The values of the mean and width of these distributions can be found in Table S1 of the supplemental material (SM). 
III. CALCULATION OF PHOTOELECTRON SPECTRA OF LIQUID WATER
The valence orbitals of water can be probed using XUV photons 43, 44 . We consider a probe pulse of ω XUV = 60 eV photon energy, and calculate both photoionization cross sections and photoelectron energies. We do not account for attenuation of the ejected photoelectrons in bulk water and note that, generally, photoelectrons probe the surface of liquids as attenuation lengths are on the order of few nanometers
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.
A. Xmolecule Photoionization Cross Sections
The photoionization cross sections of THz-pumped water are calculated using an extended version of the Xmolecule toolkit 46, 47 . The outgoing photoelectron is described by atomic continuum wave functions, and its energy is obtained by Koopmans' theorem as ε = ω XUV + ε a , where ε a is the Hartree-Fock (HF) energy of the ionized molecular orbital (MO 
where α is the fine-structure constant, χ µ a basis function in a minimal atomic orbital basis set, and χ εlm the wave function of the outgoing photoelectron with angular quantum numbers l, m and energy ε. The transition dipole matrix elements χ µ |d|χ εlm are obtained from tabulated values from an atomic electronic structure calculation performed with Xatom
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Further details are given in previous work 47 . For calculations with the larger basis set, a projection of the MOs expanded in the larger basis set onto the minimal basis set is performed to obtain an LCAO description of the MOs with minimal basis functions. Accordingly, the corresponding LCAO coefficients for the minimal basis set are given by
where
is the matrix of orbital coefficients in the larger basis set, C 
IV. PHOTOELECTRON SPECTROSCOPY OF THZ-PUMPED WATER A. Photoelectron Spectrum of Unheated Water
The simulated photoelectron spectrum of liquid water before the action of the THz pulse is shown in Fig. 4 . The photoelectron spectrum obtained from the clusters in vacuum is compared to the spectrum from embedded clusters. From higher to lower binding energies, low-lying 1a 1 orbital is formed mostly from the oxygen 1s orbital and is beyond the energy of XUV photons. The embedding leads to a more compact photoelectron spectrum, as surface effects are diminished. For comparison, an experimental XUV photoelectron spectrum of liquid water is included 44 . Most of the relevant spectral features, peak positions, widths, and relative heights, are well reproduced within our theory. The gap between the outerand inner-valence peaks is overestimated due to the lack of relaxation mechanisms in the employed electronic structure model. While the 1b 2 peak is clearly discernible, the 3a 1 and 1b 1 peak are less separated than seen in experimental data. This is consistent with electronic structure calculations on gas phase H 2 O, that show the gap between these peaks to be 1.43 eV, underestimating the experimental gap of 2.24 eV
44
. In the following, we concentrate on relative changes in the photoelectron spectrum induced by THz-pumping, and the systematic errors introduced by the electronic structure method mostly cancel. We now calculate relative changes induced through THz-pumping in the photoelectron spectra with respect to the initial spectrum shown in Fig. 4 . This allows us to quantify the impact of sub-picosecond THz-induced T-jumps on photoelectron spectra of bulk water. We focus on pulse parameters that induce a strong T-jump of about 1200 K
B. Photoelectron Spectrum of T-jumped Water
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, i.e., I = 5 × 10 12 W/cm 2 and ν = 19 THz. Figure 5 shows the time evolution of the photoelectron spectrum of embedded (H 2 O) 20 clusters, averaged over 43 water cluster geometries per trajectory snapshot. Changes in the photoelectron spectrum are highlighted by com- paring the photoelectron spectrum along the trajectories with the initial, unperturbed one (Fig. 5b, shaded grey area) , and by including the difference spectrum with respect to the initial photoelectron spectrum (Fig. 5c ).
To quantify these changes, we identify the peaks labeled by the MOs of a single H 2 O at the intervals described above (cf. Fig. 4) . For each interval, we calculate the mean and width as the first cumulant and square root of the second cumulant of the spectrum, respectively.
The resulting changes in the photoelectron spectra are shown in Fig. 6 . The inner-valence shell 2a 1 peak, as well as the 1b 2 peak, shift towards higher binding energies by up to the photoelectron spectrum at lower intensity can be found in Fig. S2 of the supplemental material (SM). Here, we focus on the 2a 1 peak, that was most affected by the heating process.
In Fig. 7 , the time evolution of this peak position is shown for I = 1×10 12 W/cm Table II . They are thus well below the 1200 K that could be achieved by high-intensity THz pulses.
V. OUTLOOK AND CONCLUSION
We investigated the possibility of detecting ultrafast THz-induced T-jumps in liquid water by employing XUV photoelectron spectroscopy. The structural changes induced by sub-picosecond, high-intensity THz pulses of various frequencies were analyzed by calculating RDFs, building on AIMD trajectories that were the subject of previous work
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. We found that, for a lower intensity, the loss of order is frequency-dependent. It is highest at the frequencies that are associated with the largest energy transfer. At higher intensity, a supercritical phase of liquid density but gas-phase disorder is formed regardless of the frequency. We showed the impact of the induced disorder in nuclear geometry on the electronic structure by simulating XUV photoelectron spectra. We found that for high pump-pulse intensity, the peak centers shift by up to 0.4 eV, and the peak widths are broadened.
This work relies on the only AIMD trajectories of THz-pumped, T-jumped liquid water that are currently available at the high intensity and different frequencies we are interested in. Due to the large number of pump pulse intensities and frequencies considered in Ref. 21 , the simulation protocol was restricted. The PBE functional was chosen based on the good description of electronic polarizability 21, 25 , however this resulted in overly structured water 39, 41 and subpar equilibration in the generation of initial configurations. The deficiencies could be overcome by using alternative density functionals 39 or by scaling to a higher initial temperature
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. However, such improvement is beyond the scope of this work.
The large amount of energy transferred by the THz pulse is expected to overcome any deficient initial equilibration. The electronic structure calculations were performed at the Hartree-Fock level of electronic structure theory, since the time-dependent investigation of XUV photoelectron spectra of liquid water called for an efficient electronic structure method.
Since we focus on relative changes of the photoelectron spectra, the systematic errors in the electronic structure calculations are expected to mostly cancel.
During the temporal overlap of the THz pump and the XUV probe pulse, the photoelectrons generated by the probe pulse are distorted by the laser field of the pump pulse. This leads to changes in the photoelectron spectrum known as THz streaking
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. The streaking effect can approximately be calculated analytically 53 and is widely employed as a per-shot analysis tool for femtosecond pulses, as it allows inferring time-domain properties of the pulse by identifying them with changes in the photoelectron spectrum. Investigating the THz streaking effects in connection with XUV photoelectron spectroscopy of THz-pumped water is left for future work.
Regarding future experiments, we note that the reported changes in the photoelectron spectrum are small and close to the spectral resolution currently obtained with good monochromators 54, 55 . Photoelectron spectroscopy of liquid-phase systems poses additional technical and instrumentation challenges, but has been demonstrated [56] [57] [58] . Since the overall changes in the photoelectron spectrum do not reflect the frequency-dependency of the Tjump at high THz pulse intensity, photoelectron spectroscopy on its own should not be seen as a thermometer for ultrafast heating of liquid water. It provides an interesting complementary diagnostics tool in combination with x-ray diffraction studies and shows how the electronic system adapts to the structural changes induced by the pump pulse.
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